In this work, we used the experimental data of Kijevcanin et al. for determining the excess thermodynamic parameters such as excess thermal expansion coefficients a E , isothermal coefficient of pressure excess molar enthalpy ð@H E m =@PÞ T and excess partial molar volumes V E m;i for the binary and ternary mixtures formed by {1-butanol + cyclohexylamine + n-heptanes} at (288.15-323.15) K. The a E values, for 1-butanol + cyclohexylamine are S-shaped and for 1-butanol + n-heptane are positive and for cyclohexylamine + n-heptane are negative over the mole fraction range. The ð@H E m =@PÞ T values, for 1-butanol + cyclohexylamine are S-shaped and for binary mixture of 1-butanol + n-heptane are negative and for binary mixture of cyclohexylamine + n-heptane are positive over the mole fraction. The values of a E and ð@H E m =@PÞ T are calculated by using the Flory theory, the results show a good agreement with experimental data. The values of a E and ð@H E m =@PÞ T for ternary mixture {1-butanol + cyclohexylamine + n-heptanes} are determined and the experimental data are correlated as a function of the mole fraction by using the equations of Cibulka, Jasinski and Malanowski, Singe et al., Pintos et al., Calvo et al., Kohler, and Jacob-Fitzner. The results show that the Calvo et al. equation is better than others. ª 2012 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
Introduction
This paper is a continuation of our earlier work related to the study of thermodynamic properties of binary and ternary mixtures of different groups of organic compounds (Rezaei-Sameti et al., 2009; Rezaei-Sameti and Iloukhani, 2009; Iloukhani et al., 2005 Iloukhani et al., , 2006 Iloukhani and Rezaei-Sameti, 2005a,b) . Excess thermodynamic properties of mixtures are useful in the study of molecular interactions and arrangements. In the recent years, measurements of thermodynamic and transport properties have been adequately employed in understanding the nature of molecular systems and physicochemical behavior in liquid mixtures. The non-rectilinear behavior of the above mentioned properties of liquid mixtures with changing mole fractions is attributed to the difference in size of the molecules and strength of interactions (Henni et al., 2005; Domiınguez et al., 2000; Lj Kijevcanin et al., 2009) .
In this work we used the experimental data of Kijevcanin et al. for binary and ternary mixtures formed by 1-butanol + cyclohexylamine + n-heptane at (288.15-323.15 ) K for calculating thermal expansion coefficients, a, excess thermal expansion coefficients, a E , and isothermal coefficient of pressure excess molar enthalpy, ð@H E m =@PÞ T . The values of a E and ð@H E m =@PÞ T for binary mixtures are calculated by using the Flory theory. All excess parameters for binary mixtures have been fitted by Redlich-Kister (Redlich and Kister, 1948) . and the ternary mixture has been fitted by the Cibulka (Domiınguez et al., 2000) , Jasinski and Malanowski (Domiınguez et al., 2000) , Singe et al. (Domiınguez et al., 2000) , Pintos et al. (Domiınguez et al., 2000) , Calvo et al. (Domiınguez et al., 2000) , Kohler (Domiınguez et al., 2000) , and Jacob-Fitzner (Domiınguez et al., 2000) , equations to determine the deviation between experimental and theoretical values.
Results and discussion
The experimental data are given at various temperatures (288.15-323.15 K) and the results are fitted by the Redlish-Kister (Redlich and Kister, 1948) equation of temperaturedependence:
where Y " (V E , a E , ð@H E m =@PÞ T;x ), x i and x j are the mole fraction; B is the fitting parameter; and n is the degree of the polynomial expansion. For excess molar volume, B is the temperature-dependent parameter as expressed in Eq. (2):
These parameters were obtained by the unweighted least-squares method. The parameters A pq for all the binary mixtures are listed in Table 2 .
In the ternary mixture the excess molar volumes, V E excess thermal expansion coefficients, a E , and isothermal coefficient of pressure excess molar enthalpy, ð@H E m =@PÞ T; were fitted with the following temperature-dependant equations:
1. Cibulka equation:
2. Jasinski and Malonowski equation: 
4. Pintos et al. equation:
5. Calvo et al. equation:
where Y E m;bin are the contributions of binary mixture (i, j)
Every M i ternary parameter is a function of temperature as expressed in Eqs. (6)-(8):
The parameters B iq for the ternary mixture are listed in Tables 3-5 along with the standard deviation r. Among the semi-empirical equations used to predict, V E , a E and ð@H E m =@PÞ T; for the studied system, the best for prediction were those of the Calvo equation, and other semi-empirical equations erred significantly. Thus, it is up to the design engineer to consider, the advantages of relying on these relations Table 2 Coefficients A pq of Eq. (2) and standard deviations for the fits of the binary excess molar volumes, excess thermal expansion coefficients and isothermal coefficient of pressure excess molar enthalpy in the temperatures range (288.15-323.15) K.
9.5 · 10 À1 À3.5 · 10 À2 5.0 · 10 À4 3.2 À1.0 · 10 À3 5.0 · 10 À3 1 7.1 · 10 À6 À4.0 4.5 · 10 À2 À1.0 · 10 À4 2.5 2 À2.1 · 10 À2 4.0 · 10 À5 31.2 À2.1 · 10 À1 4.0 · 10 À4 {1-Butanol (1) + n-heptane (2)} 0 16.4 À1.2 · 10 À1 2.0 · 10 À4 2.1 À1.9 · 10 À2 4.0 · 10 À3 1 5.0 · 10 À5 10.3 À6.1 · 10 À2 1.0 · 10 À4 16.5 2 À0.1260 2.0 · 10 À4 16.9 À1.3 · 10 À1 3.0 · 10 À4 {Cyclohexylamine (1) + n-heptane (2)} 0 À1.2 2.6 · 10 À2 À1.0 · 10 À4 À2.6 1.9 · 10 À2 2.0 · 10 À3 1 À3.0 · 10 À5 5.9 À3.2 · 10 À2 4.0 · 10 À5 5.8 2 À4.0 · 10 À2 1.0 · 10 À4 7.1 À4.0 · 10 À2 1.0 · 10 À4 p r(a E )
{1-Butanol (1) + cyclohexylamine(2)} 0 À4.0 · 10 À5 1.6 · 10 À6 8.6 · 10 À10 À2.0 · 10 À4 6.9 · 10 À7 8.7 · 10 À8 1 À8.3 · 10 À10 6.0 · 10 À4 À3.3 · 10 À6 2.7 · 10 À9 À1.0 · 10 À4 2 8.4 · 10 À7 À9.3 · 10 À10 À4.0 · 10 À4 1.0 · 10 À5 À1.0 · 10 À8
{1-Butanol (1) + n-heptane (2)} 0 À1.6 · 10 À3 À7.8 · 10 À6 À7.2 · 10 À9 À4.5 · 10 À6 À5.3 · 10 À7 1.7 · 10 À7 1 À1.1 · 10 À9 À7.0 · 10 À4 2.9 · 10 À6 À2.1 · 10 À9 À1.2 · 10 À3 2 À6.5 · 10 À6 À6.4 · 10 À9 À1.5 · 10 À3 8.1 · 10 À6 À8.0 · 10 À9
{Cyclohexylamine (1) + n-heptane (2)} 0 2.6 · 10 À3 À1.6 · 10 À5 2.3 · 10 À8 À6.8 · 10 À4 4.5 · 10 À6 5.3 · 10 À6 1 À7.4 · 10 À7 À3.2 · 10 À3 1.8 · 10 À5 À2.7 · 10 À8 À3.2 · 10 À3 2 1.9 · 10 À5 À2.7 · 10 À8 2.6 · 10 À3 À1.6 · 10 À5 À2.6 · 10 À8 p rðð@H E m =@PÞ T;x Þ {1-Butanol (1) + cyclohexylamine (2)} 0 8.9 · 10 À1 4.0 · 10 À4 À5.1 · 10 À5 2.4 5.5 · 10 À3 5.0 · 10 À3 1 À1.6 · 10 À5 À5.9 1.1 · 10 À2 7.8 · 10 À5 2.5 2 À2.2 · 10 À4 À3.9 · 10 À4 35.4 À2.6 · 10 À2 À3.3 · 10 À3
{1-Butanol (1) + n-heptane (2)} 0 16.2 1.4 · 10 À3 À2.3 · 10 À4 2.2 À6.6 · 10 À4 4.0 · 10 À3 1 À4.9 · 10 À5 10.6 À1.9 · 10 À3 À8.7 · 10 À5 17.3 2 À5.1 · 10 À3 À2.2 · 10 À3 17.9 À6.8 · 10 À3 À2.6 · 10 À4 {Cyclohexylamine (1) + n-heptane (2)} 0 À9.3 · 10 À1 À1.8 · 10 À3 6.4 · 10 À4 À1.5 À7.7 · 10 À3 1.8 · 10 À3 1 4.2 · 10 À5 1.7 2.7 · 10 À2 À9.0 · 10 À5 3.1 2 1.8 · 10 À2 À9.6 · 10 À5 13.8 À4.4 · 10 À2 À3.5 · 10 À6
for the description of these properties as continuous models for the whole range of ternary compositions.
Thermal expansion coefficient and their excess values
The temperature dependence of density of the pure components was fitted to the equation:
The parameters a i for the pure components are listed in Table 6. The thermal expansion coefficient, a, as in the case of pure components was obtained by analytical differentiation of the density fitting equation:
The thermal expansion coefficients of pure components at different temperatures are presented in Table 1 . The basic expression relating the molar volume of a mixture and its excess molar volume is, in accordance with the Eq. (1):
where V i and x i correspond to the molar volume and to the mole fraction concentration of component i. By differentiating Eq. (12) and dividing by V and reversing the order of terms:
From this expression, the excess thermal expansion coefficient can be rewritten as:
where
and / i is the volumetric fraction of the components of the mixture. This property can be described as the variation of density with temperature due to the no ideality of the mixture. The thermal expansion coefficient a, and excess thermal expansion coefficient a E are for all binary mixtures recorded in Supplementary Tables and graphically represented in Fig. 1 . The excess thermal expansions coefficient a E , for {1-butanol + cyclohexylamine} at temperatures 288.15-323.15 K are S-shaped and it is positive in the 1-butanol rich-region and increase with increasing temperatures from (288.15 to 323.15) K. The excess thermal expansion coefficients, a E , are positive over the mole fraction range for the binary mixture of {1-butanol + n-heptane} and increase with increasing temperatures from (288.15 to 323.15) K and negative over the mole fraction range for a binary mixture of {cyclohexylamine + n-heptane} and decrease with increasing temperatures from (288.15 to 323.15) K. Positive values of Table 3 Coefficients C iq of Eq (9) and standard deviations for the fits of the ternary excess molar volumes in the temperatures range (288.15-323.15) K.
Cibulka equation {1-Butanol (1) + cyclohexylamine (2) + n-heptane (3)} 0 À9.7 5.9 · 10 À3 À7.1 · 10 À5 1 À52.6 4.1 · 10 À1 À6.9 · 10 À4 0.05 2 1.8 · 10 À2 2.5 · 10 À4 À4.5 · 10 À7 Jasinski equation {1-Butanol (1) + cyclohexylamine (2) + n-heptane (3)} 0 À36.2 2.1 · 10 À1 À4.2 · 10 À4 1 À21.2 1.7 · 10 À1 À3.0 · 10 À4 0.06 2 8.9 À5.2 · 10 À2 6.3 · 10 À5
Singe equation {1-Butanol (1) + cyclohexylamine (2) + n-heptane (3)} 0 À27.3 1.4 · 10 À1 À3.0 · 10 À4 1 10.7 6.2 · 10 À2 2.0 · 10 À5 0.05 2 2.4 À1.9 · 10 À2 2.6 · 10 À5
Calvo equation {1-Butanol (1) + cyclohexylamine (2) + n-heptane (3)} 0 À24.3 1.1 · 10 À1 À2.4 · 10 À4 1 À10.1 1.7 · 10 À1 À2.9 · 10 À4 0.01 2 8.1 À1.3 · 10 À1 2.5 · 10 À4
Pintos equation {1-Butanol (1) + cyclohexylamine (2) + n-heptane (3)} 0 À48.9 3.3 · 10 À1 À6.0 · 10 À4 1 À33.7 2.8 · 10 À1 À4.6 · 10 À4 0.05 2 1.4 · 10 À1 À1.2 · 10 À4 1.3 · 10 À7 S694 M. Rezaei-Sameti, M. Rakhshi a E due to self-association of components in the mixtures, and the components of mixture are strongly associated in the pure state and in mixtures. Negative values of a E reflected the association of components in the mixtures and are strongly associated in the mixtures. Thermal expansions' coefficient is related to the fluctuation of cross term of enthalpy interaction and interaction volume of liquids and mixtures. The excess amount may reflect the molecular orientation and packing of mixtures. Molecular orientation effects are ascribed to the shapes of molecules for nonpolar solvents and dipole moments, higher multipole moments, and special interactions such as hydrogen bonds for polar solvents.
Isothermal coefficient of pressure excess molar enthalpy
The isothermal coefficient of pressure excess molar enthalpy can be derived accurately from volumetric measurements by application of the following expression:
This quantity represents the dependence of the excess molar enthalpy of mixing with pressure at fixed composition and temperature. The isothermal coefficient of pressure excess molar enthalpy, ð@H E m =@PÞ T , for all binary mixtures is recorded in Supplementary Tables and graphically represented in Fig. 2 
Excess partial molar volume
The excess partial molar volumes, V E m;i ; of a component in a binary mixture can be determined from excess molar volume data using,
The excess partial molar volumes of V E m;1 and V E m;2 for all compositions can be calculated by using the Redlich-Kister coefficients, A pq (Table 3) in Eq. (1). Results of excess partial molar volumes for all binary mixtures are also listed in Table 4 Coefficients C iq of Eq. (9) and xstandard deviations for the fits of the ternary excess thermal expansion coefficients in the temperatures range (288.15-323.15) K.
Cibulka equation {1-Butanol (1) + cyclohexylamine (2) + n-heptane (3)} 0 À6.9 · 10 À2 3.0 · 10 À4 À6.6 · 10 À7 1 1.0 · 10 À1 À4.8 · 10 À4 9.7 · 10 À9 0.0003 2 À1.8 · 10 À4 1.3 · 10 À6 À1.8 · 10 À9 Jasinski equation {1-Butanol (1) + cyclohexylamine (2) + n-heptane (3)} 0 À1.4 · 10 À2 5.9 · 10 À5 1.6 · 10 À7 1 À1.3 · 10 À2 5.6 · 10 À5 À1.3 · 10 À7 0.0002 2 À1.1 · 10 À1 5.3 · 10 À4 À1.1 · 10 À6
Singe equation {1-Butanol (1) + cyclohexylamine (2) + n-heptane (3)} 0 À4.0 · 10 À2 1.8 · 10 À4 4.0 · 10 À7 1 1.5 · 10 À1 À5.4 · 10 À4 1.3 · 10 À6 0.0002 2 À6.5 · 10 À5 À5.4 · 10 À6 À4.5 · 10 À9
Calvo equation {1-Butanol (1) + cyclohexylamine (2) + n-heptane (3)} 0 À5.8 · 10 À2 2.5 · 10 À4 À5.6 · 10 À7 1 9.9 · 10 À2 À3.6 · 10 À4 8.9 · 10 À7 0.0001 2 À6.8 · 10 À2 2.4 · 10 À4 À6.1 · 10 À7
Pintos equation 1-Butanol (1) + cyclohexylamine (2) + n-heptane (3)} 0 1.3 · 10 À2 À5.1 · 10 À5 8.7 · 10 À8 1 5.1 · 10 À2 À2.0 · 10 À4 4.5 · 10 À7 0.0002 2 À7.2 · 10 À4 3.5 · 10 À6 À6.8 · 10 À9 Table 5 Coefficients C iq of Eq. (9) and standard deviations for the fits of the ternary isothermal coefficient of pressure excess molar enthalpies in the temperatures range (288.15-323.15) K.
À8.8 À4.0 · 10 À1 1.2 · 10 À3 1 À53.3 5.7 · 10 À1 À1.0 · 10 À3 0.05 2 1.0 · 10 À1 À1.1 · 10 À3 4.2 · 10 À6 Jasinski equation {1-Butanol (1) + cyclohexylamine (2) + n-heptane (3)} 0 À35.3 À1.2 · 10 À1 7.3 · 10 À4 1 À26.6 2.8 · 10 À1 -5.0 · 10 À4 0.08 2 3.1 À3.9 · 10 À2 1.1 · 10 À4
Singe equation {1-Butanol (1) + cyclohexylamine (2) + n-heptane (3)} 0 À26.6 À2.2 · 10 À1 9.2 · 10 À4 1 25.9 À6.8 · 10 À2 3.3 · 10 À4 0.08 2 3.6 À2.4 · 10 À2 4.7 · 10 À5
Calvo equation {1-Butanol (1) + cyclohexylamine (2) + n-heptane (3)} 0 À24.5 À2.6 · 10 À1 9.8 · 10 À4 1 À8.2 1.9 · 10 À1 À3.4 · 10 À4 0.04 2 12.3 À1.8 · 10 À1 4.0 · 10 À4
Pintos equation {1-Butanol (1) + cyclohexylamine (2) + n-heptane (3)} 0 À45.5 4.7 · 10 À3 5.6 · 10 À4 1 À29.3 3.2 · 10 À1 À4.4 · 10 À4 0.06 2 5.9 · 10 À2 À1.1 · 10 À3 3.7 · 10 À6 1-Butanol À3.9 · 10 À1 1.8 · 10 À2 À9.4 · 10 À5 2.1 · 10 À7 À1.7 · 10 À7 Cyclohexylamine 1.6 À7.0 · 10 À3 3.2 · 10 À5 À7.1 · 10 À8 5.7 · 10 À11 n-Heptane 1.7 À1.1 · 10 À2 5.0 · 10 À5 À1.1 · 10 À7 8.6 · 10 À11 Figure 1 Plot of excess thermal expansion coefficients a E against mole fraction for {(a 01 ); 1-butanol + cyclohexylamine, (a 02 ); 1butanol + n-heptane, (a 03 ); cyclohexylamine + n-heptane} at 288. Fig. 3 . The excess partial molar volumes V E i for all binary mixtures in this study show that with increasing mole fraction of one component, the V E i values are increased. In the above binary mixtures, expansions in volume are due to a decrease in the molecular order in the lattice. With increasing of the mole fraction of one component in the mixtures the possibility of electron donor-acceptor type (or charge-transfer) interactions between the mixture's components is decreased, so the V E i values are increased.
The Flory theory
The Flory (Flory, , 1970 Flory et al., 1964a,b; Prigogine, 1957; Van and Patterson, 1982; Abe and Flory, 1965) model has been commonly employed to analyze the molar volume of the mixture and the excess molar volume parting from the equation of the state in a function of the reduced variables:Pṽ
wherẽ
Theoretical values of @V E m @T h i were calculated from the Flory theory using:
where Figure 2 Plot of isothermal coefficient of pressure excess molar enthalpy ð@H E m =@PÞ T , against mole fraction for {(a 11 ); 1-butanol + cyclohexylamine, (a 12 ); 1-butanol + n-heptane, (a 13 ); cyclohexylamine + n-heptane} at 288.15 K (¤), 293.15 K (n), 298.15 K (m), 303.15 K (·), 308.15 K (4), 313.15 K (d), 318.15 K (s), 323.15 K (h). 
